We previously reported that hsp70 in the mitochondrial matrix (mt-hsp70 = Ssclp) is required for import of precursor proteins destined for the matrix or intermembrane space. Here we show that mt-hsp70 is also needed for the import of mitochondrial inner membrane proteins. In particular, the precursor of ADP/ATP carrier that is known not to interact with hsp60 on its assembly pathway requires functional mt-hsp70 for import, suggesting a general role of mt-hsp70 in membrane translocation of precursors. Moreover, a precursor arrested in contact sites was specifically co-precipitated with antibodies directed against mt-hsp70. We conclude that mt-hsp70 is directly involved in the translocation of many, if not all, precursor proteins that are transported across the inner membrane.
INTRODUCTION
A member of the 70 kDa heat shock protein family (hsp70s) is located in the mitochondrial matrix [1, 2] . Mitochondrial hsp70 (mt-hsp70), also termed Ssclp in yeast, is an essential protein [3] . By analysing a yeast mutant that is defective in mt-hsp70 in a temperaturesensitive manner, we recently observed that mt-hsp70 was required for the import of nuclear-encoded precursor proteins destined for the mitochondrial matrix or intermembrane space [2] . Precursor proteins that were denatured by a pre-incubation in urea were able to circumvent the translocation defect of mitochondria impaired in mt-hsp70 function. These precursor proteins then accumulated in a complex with the mutant mthsp70 in the matrix in a loosely folded conformation [2] . This indicated that mt-hsp70 was also required in the process of refolding of precursor proteins, probably by donating the precursor to the 'folding machinery' hsp60 [4, 5] .
Here we report a more detailed analysis of the role of mt-hsp70 in membrane translocation of precursor proteins. We found that the precursors of two mitochondrial inner membrane proteins, cytochrome CI and ADP/ATP carrier, which follow different intramitochondrial assembly pathways, both required Furthermore, a precursor protein arrested in contact sites between mitochondrial outer and inner membranes [6, 7] was found in a complex with mthsp70. We conclude that mt-hsp70 is directly involved in the translocation of precursor proteins through mitochondrial contact sites and plays an essential role in the general mitochondrial import pathway.
MATERIALS AND METHODS
The following procedures were performed as published previously: growth of wild-type and mutant cells of the yeast Sacchurotnyces cerevisiae at 23°C and isolation of mitochondria [2, 8, 9] ; synthesis of mitochondrial precursor proteins in rabbit reticulocyte lysates and labelling with [?S]methionine [IO,1 I]; import of the radiolabelled precursor proteins into isolated energized mitochondria (preincubated for 10 min at 37°C) in the presence of 3% (w/v) bovine serum albumine at 25°C [2, 12, 13] 
RESULTS
We used mitochondria from the temperaturesensitive yeast strain BClOO(sscZ-2) that carries a disruption of the chromosomal mt-hsp70 gene (SXZ) and a mutant mt-hsp70 gene (~~1-2) on a centromeric plasmid (mutant) [2] . The mutant cells were able to grow at 23-25"C, but not at 37°C. When mitochondria were isolated from the mutant cells after growth at permissive temperature and pre-incubated for 10 min at 37"C, the mitochondria were defective in functional mt-hsp70 even at 25°C [2] . As a control we used mitochondria from the yeast strain BClOO(SSC1) that carries the wild-type mt-hsp70 gene (sX1) on a centromeric plasmid (wild-type) [2] .
We analysed the import of cytochrome ci into mutant and wild-type mitochondria at 25'C. The cytochrome cl precursor was efficiently processed to the intermediate-sized form by both mitochondria (Fig. 1A ) (in the absence of NADH, virtually no processing to the mature-sized form occurs [9, 17] ). The processing of cytochrome cl to the intermediate-sized form is performed by the enzyme processing peptidase in the mitochondrial matrix [ 18, 191 , demonstrating that the amino-terminal presequence of the precursor reached into the matrix even in the mutant mitochondria. In parallel, mitochondria were treated with proteinase K after the import reaction to analyse for complete import of the precursor molecules. While the processed cytochrome cr was protected against added proteinase Time of import (min) Fig. 1 . Mt-hsp70 (Ssclp) is required for translocation of the mature part of cytochrome c, through contact sites. Mitochondria were isolated from the yeast strain that carried a mutant gene for mt-hsp70 (sscl-2) and from the control strain BClOO(SSCZ) that carried the wild-type gene for mt-hsp70. The mitochondria were preincubated for 10 min at 37°C and then incubated with reticulocyte lysate containing radiolabeled precursor of cytochrome c1 at 25°C for the indicated times as described in Materials and Methods. For energization of the mitochondria, 8 mM potassium ascorbate and 0.2 mM N,N,N,'NXetramethylphenylenediamine (TMPD) were included in the import reaction [13] . The samples of panel B were treated with proteinase K (120gg/ml) after the import reaction. The mitochondria were reisolated and analysed by SDS-polyacrylamide gel electrophoresis, fluorography and laser densitometry of intermediatesized i-cytochrome ct. The amount of i-cytochrome c1 present in wildtype mitochondria after 7.5 min import was set to 100%. Panel A, without proteinase K; panel B, with proteinase K; WT, mitochondria with wild-type mt-hsp70; sscl, mitochondria with defective mt-hsp70.
K in wild-type mitochondria, it was accessible to proteinase K added to the mutant mitochondria (Fig. 1B) . By analysis of several marker proteins, we previously demonstrated that the mutant mitochondria possessed intact membranes that were not permeable to added protease, excluding an increased protease susceptibility of mitochondria defective in mt-hsp70 [2] . The processed cytochrome cl accumulated in the mutant mitochondria thus was accessible to proteases both on the cytosolic side (proteinase K) and on the matrix side of the membranes (processing peptidase). These precursor molecules reached from the cytosolic side across outer and inner membranes into the matrix, thereby spanning mitochondrial contact sites [6, 7, 20, 21] . We conclude that the presequence of cytochrome cl can be imported into mitochondria defective in mt-hsp70, while the translocation of the major portion of the precursor requires functional mt-hsp70. The precursor of ADP/ATP carrier is synthesized without a cleavable presequence [22] and, in contrast to most other precursor proteins that are translocated to mitochondrial matrix, inner membrane or intermembrane space, does not require the interaction with the heat shock protein hsp60 in the matrix for import and assembly [23-251. To analyse how general the role of mt-hsp70 in protein translocation is, we studied the import of ADP/ATP carrier into mitochondria defective The experiment was performed as described in the legend of Fig. 1 except that reticulocyte lysate containing the precursor of ADP/ATP carrier was used. The amount of ADP,/ATP carrier associated with wild-type mitochondria after 7.5 min import was set to 100%. 282 in mt-hsp70. The total amount of precursor associated with mitochondria was the same with wild-type and mutant mitochondria ( Fig. 2A) , indicating that a defect in mt-hsp70 did not impair the binding of ADP/ATP carrier to the receptor sites on the mitochondrial outer membrane [l 1,13,26,27]. When the mitochondria were treated with proteinase K after the import, however, it became apparent that the membrane translocation of ADP/ATP carrier was strongly inhibited by the defect in mt-hsp70 (Fig. 2B) . It can be excluded that the import defect in the mutant mitochondria is caused by a dissipation of the membrane potential AP across the inner membrane since the studies with cytochrome cl (Fig. 1A) and other precursor proteins [2] demonstrate that the A*-dependent translocation of the aminoterminal presequence [6] is virtually not affected whereas the A*-independent completion of translocation requires functional mt-hsp70. We conclude that the translocation of ADP/ATP carrier into the inner membrane requires mt-hsp70 in the matrix. Reticulocyte lysate containing radiolabelled precursor of Su9-DHFR and isolated mitochondria from the strain BClOO(sscl-2) that is defective in mt-hsp70 were incubated for 10 min at 25°C as described in Materials and Methods. For energization of mitochondria (+A*), 2 mM NADH were included; thereby Su9-DHFR accumulated in mitochondrial contact sites [2] . For dissipation of the membrane potential (-AB), 1 gM valinomycin was included. The mitochondria were reisolated, lysed in a buffer containing 0.1% Triton X-100, and immuno-precipitations with antibodies directed against DHFR (anti-DHFR) or mt-hsp70 (anti-Ssclp) or antibodies from pre-immune sera were performed [2] . The immuno-precipitates were analysed by SDS-polyacrylamide gel electrophoresis, fluorography and laser densitometry. The amount of m-Su9-DHFR precipitated with anti-DHFR antibody was set to 100%. It has to be noted that the interaction of Su9-DHFR with mt-hsp70 is not limited to the processed mature-sized form (m-Su9-DHFR), since the unprocessed precursor form (p-Su9-DHFR) imported into mutant mitochondria was also found in a complex with mt-hsp70 (data not shown).
Do precursor proteins in transit through the mitochondrial membranes directly interact with mthsp70? To test this idea, a radio-labelled hybrid protein between the presequence of F,-ATPase subunit 9 and the entire dihydrofolate reductase (Su9-DHFR) [16] was accumulated in contact sites of the mutant mitochondria by importing it from reticulocyte lysate [2] . The reisolated mitochondria were lysed with nonionic detergent and immuno-precipitations with antibodies directed against DHFR or a carboxyl-terminal sequence of mt-hsp70 (Ssclp) not conserved in other hsp70s [2] were performed. A major fraction of Su9-DHFR that could be immuno-precipitated with anti-DHFR antibodies was co-precipitated with the anti-mthsp70 (= anti-Ssclp) antibodies (Fig. 3) . As a control, the precursor of Su9-DHFR was accumulated on the mitochondrial surface in the absence of a membrane potential and found not to be co-precipitated with antimt-hsp70 antibodies (Fig. 3) . These results show that mt-hsp70 forms a complex with precursor proteins in transit across the mitochondrial membranes.
DISCUSSION
We report here that two integral proteins of the mitochondrial inner membrane, cytochrome cl and ADP/ATP carrier, require functional mt-hsp70 for complete import into mitochondria. The presequence of cytochrome cl, but not the mature portion of the precursor, could be translocated into the matrix of mitochondria defective in mt-hsp70. Mt-hsp70 is needed for transport of the mature portion of precursor proteins through mitochondrial contact sites. This extends our previous studies that showed a requirement for mthsp70 for import of soluble proteins of the matrix and intermembrane space (Su9-DHFR, cytochrome 62) and of proteins peripherally associated with the inner membrane (Fi-ATPase subunit ,&, Fe/S protein of the bcicomplex) [2] . Mt-hsp70 thus possesses a general function in mitochondrial protein import.
Most mitochondrial proteins that are imported via contact sites are fully translocated into the mitochondrial matrix and interact with hsp60 [4, 23, 28] . Several of these proteins are retranslocated to the inner membrane or intermembrane space, thereby following the conserved folding and assembly pathways established in the putative prokaryotic ancestors of mitochondria ('conservative sorting') [9, 23, 29] . It is assumed that the prokaryotic ancestors did not contain an equivalent of the ADP/ATP carrier, but that this protein was contributed by the nucleated 'host' in light of the endosymbiont theory of mitochondrial origin [30] . This would agree with the observation that the assembly pathway of ADP/ATP carrier does not require functional hsp60 ('non-conservative sorting') [23] . However, its import requires functional mt-hsp70 as do the precursor proteins that follow the conservative sorting pathway, strongly suggesting that mt-hsp70 is a component of the general translocation machinery of mitochondrial contact sites. We propose that during its import a part of the ADP/ATP carrier reaches into the matrix and interacts with mt-hsp70. The release of proteins from hsp70s seems to require the hydrolysis of ATP [31] . Since the translocation of radiochemical amounts of ADP/ATP carrier from the outer membrane to the inner membrane can occur at very low levels of ATP [32] , it is suggested that mt-hsp70 carries bound ATP which is sufficient to drive one cycle of import. It has to be expected that the function of mt-hsp70s in several cycles of import by using chemical amounts of ADP/ATP carrier should require the addition of ATP as found with other precursor proteins [5, 33, 34] .
The isolation of a complex between a precursor protein spanning contact sites and mt-hsp70 provides the first demonstration that mt-hsp70 directly partakes in membrane translocation of precursor proteins. We conclude that mt-hsp70 and possibly further proteins which were not identified so far bind to the precursor proteins in transit through contact sites and thereby promote the completion of translocation. It is suggested that BiP, the hsp70 in the endoplasmic reticulum (ER) [31, 35] , also directly interacts with precursor proteins in transit across the ER membrane and thus is important for protein translocation.
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